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Abstract 
Silver selective eiectrodes based on thioether functianaiized calix [ 4j arenes 1 and 2 as ionophores were investigated. For both 
ionophores the selectivity coefficients (log k,,,) were lower than - 2.2 for Hg(II) and lower than - 4.6 for other cations 
tested. The best results were obtained with membranes containing dithioether fimctionalized calix[4]arene (ionophore 2), 
potassium tetrakis( 4-chlorophenyl)borate (KTpClFB) and bis( l-butylpentyl)adipate (BBPA) as a plasticizer. The Ag( I)- 
response functions exhibited almost theoreticd Nernstian slopes in the activity range 1O-6-1O-1 M of silver ions. 
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1. Introduction 
The commercially available solid-state silver elec- 
trode based on AgzS is one of the oldest solid-state 
electrodes known in the literature [ l-53. This electrode 
exhibits an excellent selectivity towards alkali, alkaline 
earth, and most heavy metal ions. However, the strong 
mercury interference (log kAg,Hg > 0) [ 61 is a weak- 
ness of this electrode. Due to the approp~ate xchange 
mechanisms at the silver sulfide surface, a response to 
Hg2+ ions is always observed. Morf et al. [ 71 claimed 
on the basis of the defect theory for silver selective 
membranes that the response of silver halide or sulfide 
sensors to Hgzt ions is neither Nernstian nor linear. 
Consequently the evaluation of the real Agf /Hg2+ 
selectivity is a serious problem. This is the reasun why 
a search for new silver selective sensors has been con- 
tinued for the past few years. Improved mercury inter- 
ference was obtained for a solid Araldite based silver 
selective electrode (log kAgaHg = - 4)) although the 
interferences of other heavy metal ions (e.g., copper 
and cadmium; log kAg,M = - 2.5 ) were increased [ 8 ] . 
The ion-selective electrode based on chalcogenide 
glasses described by Vlasov [ 91 seems to be by far the 
best. Selectivity coefficients with log kAg,,, < - 5.5 
were obtained for alkali, alkaline earth and heavy metal 
ions. The interference of mercury was low (log 
k Ag,M = - 3.2). Pei et al. [ lo] presented a carbon paste 
electrode (carbon graphite with Nujol) as a potentio- 
metric silver selective electrode. In this case the inter- 
ferences of alkali and alkaline earth metal ions were 
negligible, for other cations the fullawing values of 
log kAg,M were obtained: zinc(II), cobalt{ II> and 
* Corresponding author. 
0003-2670/94/$07.00 0 1994 Elsevier Science B.V. All rights reserved 
SSDI 0003-2670( 94) 00267-P 
246 E. Malinowska et al. / Analytica Chimica Acta 298 (1994) 245-251 
nickel( II), - 3.2; lead( II), - 2.3; copper, - 2.1; and 
mercury( II) - 0.7. 
Neutral carrier based silver selective electrodes are 
characterized by lower selectivities as compared with 
the above described solid-state electrodes [l-9]. In 
most cases crown ethers derivatives have been used as 
an ionophores [ 11-231. It was found that enhanced 
selectivity for silver ions is achieved, compared with 
crown ethers, when one or more oxygen donor atoms 
are replaced by sulfur. Lai and Shih [ 151 used 1,4- 
dithia-15-crown-5 (PVC/dibutyl phthalate) in an elec- 
trode for silver detection. This thiacrown ether showed 
the best sensitivity (40 mV dec. - ‘) of all crown ethers 
tested. The selectivity coefficients (log k,,,,) towards 
interfering alkali, alkaline earth and transition metal 
ions were higher than - 3.5 (for sodium, potassium 
and magnesium). The strongest interferent was mer- 
cury ( +0.8). Better results were obtained by Oue et 
al. [ 16-181. Both ion selective electrodes with mono- 
and dithiacrown ethers in a PVC/dioctyl phthalate 
(DOP) matrix were highly silver selective. The selec- 
tivity coefficients for silver with respect to the heavy 
and transition metal ions are < - 3 and with respect to 
alkali and alkaline earth metal ions < - 4. The mercury 
ions interfered most seriously (log kAg,M = - 2.2 to 
- 1.5), The selectivities of the silver electrodes with 
different thiacrown ethers were quite similar in spite of 
different sulfur atoms in the thiacrown ethers. How- 
ever, these parameters influence the sensitivity of the 
electrode (DOP plasticized membranes) especially at 
high silver activities. Oue et al. [ 181 observed also that 
the sensitivity of the electrode with o-nitrophenyl octyl 
ether (o-NPOE) as a plasticizer was lower at high 
silver activities in comparison with the sensitivity of 
the electrode with bis( 2-ethylhexyl) sebacate (DOS) 
or DOP. Casabo et al. [ 19-211 have described the 
performance of several thiabenzocrown ethers as ion- 
ophores for ion-selective electrodes (PVC/DOP) . For 
all the ligands tested a Nernstian sensitivity towards 
silver was found. Mercury was the strongest interferent 
C 1% kig,Hg - 2 to - 2.6) while for other cations log 
k Ag,M < - 4. Also in this case it was found that despite 
the different geometry and number of sulfur donor 
atoms in the crown ethers, the selectivity coefficients 
of the corresponding electrodes were similar. 
The possibility for a good coordination geometry for 
Ag+ seems to be more important than the perfect ring 
size, explaining why lipophilic podand-like ionophores 
display respectable chelating effects. Recently O’Con- 
nor et al. [ 221 have described calixarene derivatives 
with four sulfur and/or nitrogen donors atoms as ion- 
ophores for silver selective electrodes (PVC/o- 
NPOE) . All exhibited acceptable silver responses with 
the best (calix[ 41 arene substituted with four 
-CH2C02C2H4SCH3 groups) giving a response of 50 
mV dec. - ’ in the Ag( I) ion activity range of 10W4 to 
10-l M. Selectivity coefficients (log kAg,M) were 
higher than - 3.3 for copper( II), nickel( II), 
cobalt( II), cadmium( II) and higher than - 2.0 for 
potassium, lead(I1) and sodium ions. Mercury inter- 
fered the most (log kAg,M = + 2.0). 
In this paper we report on the use of two novel 
calix [ 41 arene derivatives functionalized with two or 
four thioether (-C2H4SCH3) groups as silver selective 
electrodes, and electrode characteristics as response 
time and pH-dependence are presented. In addition, 
some results of potentiometric titrations of halides, by 
using these electrodes in comparison with commercial 
silver electrodes, are reported. 
2. Experimental 
2. I. Chemicals 
All salts employed were of analytical grade and were 
purchased from POCH (Gliwice, Poland). The stan- 
dard stock solutions (0.1 M) of metal nitrates were 
prepared in redistilled water; working solutions were 
obtained by dilution of the stock solution with redistil- 
led water. The pH was adjusted by the addition of nitric 
acid or sodium hydroxide solutions. 
2.2. Ionophores and membrane materials 
The synthesis of ligands has been described previ- 
ously [ 231. High molecular weight poly( vinyl chlo- 
ride) (PVC), potassium tetrakis( 4-chlorophenyl) 
borate ( KTpClPB) , o-nitrophenyl octyl ether (o- 
NPOE) and bis( butylpentyl) adipate (BBPA) were 
obtained from Fluka. As a solvent for the membrane 
components freshly distilled tetrahydrofuran (THF) 
p.a_ ( POCh Gliwice) was used. 
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2.3. Membrane and electrode prepara tion 
The membranes contained 1 wt.% ionophore, 75 
mol% KTpClPB (relative to the ionophore), 65-66 
wt.% plasticizer, and 33 wt.% poly(viny1 chloride) 
(PVC). The membrane components (200 mg in total) 
were dissolved in 2 ml of freshly distilled tetrahydro- 
furan (THF) . This solution was placed in glass ring of 
24 mm i.d, resting on a glass plate. After solvent evap- 
oration overnight, the resulting membrane was peeled 
off from the glass mould and discs of 7 mm i.d. were 
cut out. Membrane discs were mounted in electrode 
bodies (Type IS 561; Philips, Eindhoven, Nether- 
lands) for electromotive force (EMF) measurements. 
As internal filling solution, a 0.005 M solution of 
AgN03 and HN03 (pH 2) was used, The electrodes 
were than conditioned overnight in a solution of 0.01 
M IWO3 and 0.001 M AgNO,. For each membrane 
composition two electrodes were prepared. 
2.4. EMF measurements 
All measurements were carried out at 20°C with cells 
of the following type: Ag; AgCl; KC1 (0.1 M) /O.l M 
KNOJsample solution//sensor membrane//internal 
filling solution; AgCl; Ag. 
The EMF values were measured using a custom 
made 16-channel electrode monitor. Details of this 
equipment are described elsewhere [ 241. Potentiomet- 
ric selectivity coefficients (k,,,) were determined by 
the fixed interference method [25,26] by increasing 
the activity of primary ion in the solution in steps of 
0.5 log a-, or for strong interfering ions by the separate 
solution method using 0.01 M solutions of metal 
nitrates at a constant pH 4 (for mercury pH 2). In these 
cases the experimentally obtained slope was used for 
the calculations. The activities of metal ions in aqueous 
solutions were calculated according to the Debye- 
Hi.ickel approximation [ 271. The performance of the 
electrodes was examined by measuring of EMFs of the 
primary ion solutions with the concentration range 
10-8-10-1 M in solutions stirred with a magnetic stir- 
rer. 
The response time (t 9sn) of the electrode was tested 
by measuring the time required to achieve a 95% steady 
potential for a 0.01 M solution, when the Ag(1) ion 
concentration was rapidly increased by one decade 
from 0.0001 to 0.01 M. 
3. Results and discussion 
Ionophores (1 or 2) (Fig. 1) with a small amount 
of potassium tetrakis (4-chlorophenyl) borate (as lipo- 
philic anionic sites) were incorporated in a plasticized 
PVC membrane. Two plasticizers, a polar o-WOE and 
a non-polar BBPA were investigated. Also membranes 
without the ionophores present were examined. 
Fig. 2 shows the Ag+ responses of electrode based 
on BBPA plasticized PVC containing ionophore 2 and 
ISTpClPB in the presence of some interfering cations. 
All tested membranes showed a response towards 
silver ions but the calibration graphs obtained for mem- 
branes containing an ionophore were different for these 
“blank membranes”. The results are demonstrated in 
Fig, 3a for the electrodes with the o-NPOE plasticized 
membranes and in Fig. 3b for the BBPA plasticized 
membranes. The “blank membranes’ showed a linear 
response at the high concentrations of silver ( > 10e3 
M). In both cases the slope was less than Nemstian 
(ca. 41 mV dec. - ’ for o-NPOE and 43 mV dec. - ’ for 
BBPA). The detection limit for membranes with an 
ionophore incorporated was lower by 2 units but the 
response resembled an S-curve (except for the 
membrane with 2 and BBPA). This deviation from 
Nernstian response might be explained by the “sample 
anion effect” or by the formation of extremely stable 
complexes of ligands with cations [ 283. According to 
the model calculations described by Cobben [ 291, this 
S-curve type of response can be caused by the outer 
boundary potential (membrane-sample solution). The 
association constant ( pl) of complex formed between 
1 R1 = R2 = CH,CH,SCH, 
2 R1= H, R, = CH,CH+CH, 
Fig. 1. Structures of ionophores. 
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Fig. 2. Ag responses of electrodes based on ionophore 2 and BBPA 
as a plasticizer (with addition of KTpCIPB) in the presence of 0.1 
M of interfering cations. (a) K+; (b) MgZt or Cu*+; (c) Pb’+; 
(d) K+ + lop4 M Hg’+. 
the primary cation and the ionophore should be 
extremely high ( & = 1Ol3 mol l- ‘) to cause such an 
effect. As is shown in Fig. 3a the electrodes based on 
1 with D-NPOE as a plasticizer exhibited Ag-response 
in a very narrow range of silver ion concentrations 
( 10-5.5-10-3.5 M) with the slope only 38 mV/decade. 
In this case the deviation from Nernstian response was 
the largest. For this electrode the influence of the con- 
centration of the anionic site (O-90 mol% relatively to 
the ionophore) was studied. We found that the variation 
in the ratio KTpClPB to the ionophore did not substan- 
tially influence the response. With ionophore 2 and o- 
NPOE the slope of the linear response was close to the 
theoretical value (53.8 mvldecade) and in a wider 
range of Agf concentrations. 
It is known that in sensors for monovalent cations 
the use of relatively nonpolar membrane materials can 
improve the cation response [ 28,291. This has been 
confirmed experimentally for ionophores 1 and 2. With 
BBPA as the plasticizer the linear response range for 
both ionophores (-1 and 2) becomes larger although for 
ionophore 1 a deviation from linearity at higher silver 
concentrations was observed. 
Three compositions of a PVC membrane with 
KTpClPB: ( l-BBPA) , (2-BBPA) and (2-a-NPOE) 
have been studied in greater detail. The selectivity, 
response to the silver{ I) ions concentration (slope and 
detection limit), pH dependence, and response time 
were measured. The results are given in Table 1. The 
logarithmic values of the selectivity coefficients 
(expressed as log k,,,,) are presented in Fig. 4. The 
preference for silver over other monovalent cations was 
more significant for membranes plasticized with o- 
NPOE than BBPA. It seems that without ionophore the 
selectivity is related to the hydration energy [ 301. The 
incorporation of the ligand 1 or 2 into the membrane 
phase substantially affected the selectivity of the mem- 
branes as compared with the “blank membranes”. For 
both ligands, and both plasticizers, the selectivity coef- 
ficients (log k,,,) were lower than - 4.6 for all cati- 
ons tested, except mercury. The interference of mercury 
was more severe but still a selective response was found 
for o-NPOE plasticized membranes containing ligand 
1 or 2. The selectivity of the substituted bis[2-(meth- 
350, 
(a) 
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[mVl 250 - 
t 150 -
50- 
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- log a VW 
350 , 
EMF 
[f-W 
t 
-a -7 -6 -5 -4 -3 -2 -1 
- 
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Fig. 3. (a) Ag responses of electrodes based on ionophores 1 or 2 
and o-NPOE as a plasticizer (with KTpClPB) in the presence of 0.1 
M Mg(N03)2. (a) Without ionophore; (b) ionophore 1; (c) ion- 
ophore 2. (b) Ag responses of electrodes based on ionophores 1 or 
2 and BBPA as a plasticizer (with KTpClPB) in the presence of 0.1 
M Mg(N03)2. (a) Without ionophore; (b) ionophore 1; (c) ion- 
ophore 2. 
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Table 1 
Properties of Ag+ selective membr~~ electrodes based on tetra- 
k&&ether c&x [4] arene 1 and bisthioether calix [4] arene 2 (PVC, 
o-NPOE or BBPA, 75 mol% KTpClPB) 
1 2 
o-N-POE BBPA u-NFOE BBFA 
Slope (mV/dec.) 
Response time, tpsc (s) 
Linear range (log a) 
Detection limit 
pH range 
Drift a (mV/day) 
38.3 54.7 53.7 56.7 
< 15 < 10 < 10 
c-3.5 <--3.0 <-2.5 c-1.0 
-5.5 - 5s - 6.0 -5.4 
>3 > 2.5 > 2.5 
-2.6 - O.Q2 - 1.0 - 0.36 
a Drift of measured potential far 0.01 M AgN@ solutions. 
0 ---.%I - AP - A-0 
*l 
--++a 
-PO K-pb - rwx 
Li,NsK = w Na - Ni Li.Nax _ 
+Ag,ca,3a = cum Li.NH, - Cu,Cd NH, = cu 
Ni,Zn,Ca Mg,Ca,Sa - zn.co wJ.Ca - zn,m Sa - Ni 
MEMBRANES: PVCKTpClPS (75mol.%) 
Fig. 4. Selectivity coefficients, log kb,ht, for PVC membranes con- 
tainirtg ionophore 1 or 2, mionic sites KTpClPB and o-NPUE or 
BBPA as plasticizer [O.l M solutions of nitrates, pH 4, internal 
electrolyte: 0.05 M AgNC& + HNO,, pH 23. 
0 1 2 5 4 5 6 
- time [min] 
Fig. 5. Response time of electrodes based on ionophore 2 and BBPA 
as a plasticizer (with addition of KTpCIPB) in the presence of 0.1 
M KNO,, 
ylthio)ethoxy ] calix [ 41 arene (2) was slightly better 
{ -2.5) than of the tetra~2-~methyl~io~ethoxyl- 
calix[ 41 arene (1) ( - 2.2) I This leads to the conclu- 
sion that the number of sulfur donor atoms in the recep- 
tor molecule does not influence significantly the 
selective complexation of silver(I) ions. o-NPOE gave 
an increased selectivity coefficient of about 1 unit. 
The response time ( tgsk ) of the electrodes was tested 
by measuring the time required to achieve a 95% steady 
potential for a lo-’ M solution, when the silver ion 
concentration was rapidly increased one decade from 
1O-4 to lo-> M and from 10d3 to lo-’ M. The 
response time was slightly longer for 1 ( < 15 s) than 
for 2 based membranes f < 10 s) . The results obtained 
for the electrode based on ligand 2, BBPA as a plasti- 
cizer, and KTpClPB are presented in Fig. 5. 
The pH dependence of the electrode response was 
examined using 10e4, lo-” and lo-’ M silver solu- 
tions. The electrodes are not pH sensitive in the range 
of pH 2.5-6 The upper pH limit is due to silver hydrox- 
ide formation. Fig. 5 shows the effect of pH on the 
response of 2-BBPA electrode. Similar profiles were 
observed for other electrodes. These electrodes have 
been tested for 60 days. Properties of the electrodes are 
summarized in Table 1. 
All electrodes were used in potentiometric titrations 
of halide ions (I-, Br-, Cl-) with silver nitrate and 
their performance was compared with commercial siJ- 
tier selective electrodes (metallic and solid state). The 
results presented in Fig. 7a and b show that: 
Fig. 6. pH response of Ag selective electrodes based on ionophore 2 
and BBPA as a plasticizer [with addition of KTpClPB) in the pres- 
ence of 0.1 M KNOW CA,(,): (a) lo-’ M; (b) 10W3 M; fc.) lop4 
M. 
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Fig. 7. (a) Potentiometric titration curves of a mixture of4 ml KI, 6 
ml KBr and 4 mf KCI (all 0.1 M) with 0.1 M AgNO, with: {a) 
metallic silver electrode; (b) Ag ISE based on ionophore 1 and o- 
NPOE; (c) Ag ISE based on ionopltore 1 and BBPA. (b) Potenti- 
ometric titration curves of a mixture of 4 ml KI, 6 ml KBr and 4 ml 
KC1 (all 0.1 M) with 0.1 M AgNO, with: f a) solid-state silver 
electrode; (b) Ag ISE based on ionophore 2 and o-NPOE; (c) Ag 
ISE based on ionophore 2 and BBPA. 
(i) Using electrodes with +NPOE plasticized mem- 
branes containing ligand 1 as well as 2 three end-points 
of this titration could be defined. However, the potential 
changes at the end-point, which corresponds with the 
determination of I- ions, are significantly lower for 
these electrodes as compared with both metallic and 
solid-state ion-selective electrodes while for Br- and 
Cl- ions potential changes are similar. 
(ii) For both electrodes with BBPA the end-point 
for I ~ ions is imperceptible. Even for Br - io,ns the end 
point is lower as compared with l--+NPOE and 2-0- 
NPOE as well as two commercial silver electrodes. 
(iii) It seems that the true detection limit of the 
electrodes tested is lower than that obtained for solu- 
tions which were not metal buffer solutions for silver. 
4. Canclusions 
The present. results suggest that calix [ 41 arenes 
derivatives containing thioether groups show high 
selectivity and, when the BBPA is used as a plasticizer, 
sensitivity towards silver ions. The best results were 
obtained for membranes containing dithioether func- 
t ionalized calix f 4 ] arene ( ionophore 2 ) , KTpClPB and 
BBPA as a plasticizer. The determination of silver is 
possible over a wide range of concentrations in the 
presence of alkali, alkaline, and heavy metals ions. For 
mercury(II) ions the lug kAg,,,, values are - 2.5 and 
comparable to the best ISE known so far. 
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